Abstract Endoplasmic reticulum (ER) stress triggered under hyperglycemic, hypoxic, and oxidative conditions has been implicated in cellular dysfunction through activation of the unfolded protein response (UPR). Recent clinical studies have documented that the release of soluble cellular and host factors following HIV infection in the central nervous system (CNS) results in induction of the ER stress response. Herein, we demonstrate that exposure of human brain microvascular endothelial cells (HBMECs) to HIV transactivator protein Tat101 resulted in early induction of several major ER stress regulators including ER chaperones Bip/GRP78 and ER stress sensors ATF6, p-PERK, and downstream mediators p-eIF2α and ATF4. Upregulation of the ER stress mediators was accompanied by decreased cell viability and increased apoptosis as evidenced by MTT and terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assays, respectively. Pretreatment of HBMECs with either ER inhibitor or knockdown of the effector C/EBP homologous protein (CHOP) resulted in increased cell viability and abrogation of apoptosis following Tat exposure. Notably, Tatmediated activation of the UPR response involved reactive oxygen species. Furthermore, treatment of Tat also resulted in mitochondrial dysfunction, evidenced by decrease in Bcl2/Bax ratio, dysfunction of mitochondrial membrane potential, and release of cytochrome c, all of which could be partially reversed by the ER stress inhibitor. The current study demonstrates that exposure of HBMECs to Tat induces multiple stress responses, including ER stress and mitochondrial dysfunction which in turn lead to apoptosis.
Introduction
The blood-brain barrier (BBB) tightly regulates the movement of molecules, ions, and cells between the blood and the neural tissue and plays an important role in maintaining the central nervous system (CNS) stability [1, 2] . Breakdown of the BBB plays a key role in the pathogenesis of various neurological diseases [3, 4] . Following the disruption of BBB, there is entry of various plasma components, immune molecules, and cells within the CNS, which eventually culminates into neuroinflammation, ultimately leading to neuronal degeneration [4, 5] .
Human immunodeficiency virus (HIV)-associated neurological disorders (HAND) are a complication of acquired immune deficiency syndrome (AIDS) and continue to rise as individuals live longer following antiretroviral therapy. The underlying mechanisms of HAND are, in part, attributable to disruption of the BBB which results in increased influx of activated/infected monocytes from the periphery to the CNS leading to neuroinflammation [6] . Various mechanisms including both direct proapoptotic effects on the endothelial cells as well as indirect paracrine effects manifested by pro-inflammatory modulators such as chemokines and cytokines are thought to play key roles in regulating BBB permeability [7] .
Endoplasmic reticulum (ER) is a principal site for protein synthesis, folding, and calcium storage. ER relies on numerous resident chaperone proteins, high levels of calcium, and an oxidative environment to carry out these functions efficiently [8, 9] . ER is sensitive to homeostatic alterations induced by various stimuli (oxidative stress, calcium homeostasis, chemical toxins, and accumulation of misfolded proteins), resulting in, what is classically referred to as "ER stress" [10] . ER stress triggers multiple signaling pathways including the unfolded protein response (UPR), the ER-overload response (EOR), and the ER-associated degradation (ERAD) as a means to combat the stressors [11] . UPR is characterized by the coordinated activation of three transmembrane ER proteins: inositol requiring ER-to-nucleus signal kinase (IRE) 1, activating transcription factor (ATF) 6, and double-stranded RNA-activated kinase (PKR)-like ER kinase (PERK). Following accumulation of unfolded proteins in the lumen of the ER, these proteins get activated which, in turn, leads to modulation of expression of key genes and proteins, such as the genes encoding ER chaperones and folding enzymes, to subsequently increase the folding capacity of the ER. Collectively, UPR is a coordinated pro-survival response that reduces the accumulation of unfolded proteins and restores normal ER functioning. If, however, the protein aggregation persists and the stress continues to mount, signaling switches from a pro-survival to a pro-apoptotic phenotype [12] . At this stage, the pro-apoptotic gene C/EBP homologous protein (CHOP)/GADD153 is upregulated triggering cell death. Intriguingly, endothelial apoptosis has been implicated as a characteristic feature of BBB breach in patients with HAND compared with non-demented infected individuals or HIV-negative controls [13] .
Although antiretrovirals have resulted in successful suppression of viremia, the inability of these drugs to both impact expressions of early viral proteins as well as to penetrate the CNS effectively leads to the persistence of proteins including HIV-1 Tat, in tissues such as the CNS and lymph nodes. Toxicity of HIV Tat on various cells of the CNS has been well documented [14, 15] , and it has also been shown that intraventricular injection of the viral protein in rodents results in inflammation, gliosis, apoptosis, and ventricular enlargement [16, 17] , with induction of reactive oxygen species (ROS) as a possible mediator of cell damage. Recent reports have implicated induction of ER stress as a major response in various cell types including neurons, astrocytes, and macrophages/microglia in the brains of HIV-positive patients [17] . Extensive evidence implicates a close link of ER stress with generation of ROS [18] . ROS, in turn, can be either upstream or downstream of the UPR targets [19] .
The aim of the present study was to examine the mechanism(s) by which ER stress, ROS, and mitochondrial dysfunction contribute to Tat-mediated apoptosis of human brain microvascular endothelial cells (HBMECs).
Materials and Methods

Cell Culture
Primary HBMECs were obtained from Dr. Monique Stins (The Johns Hopkins University, Baltimore, MD) and were cultured in RPMI 1640 containing 10 % heat-inactivated fetal bovine serum, 10 % Nu-Serum, 2 mM glutamine, 1 mM pyruvate, penicillin (100 U/mL), streptomycin (100 μg/mL), essential amino acids, and vitamins. All cell-culture dishes and flasks were coated with rat-tail collagen type I. For pharmacological inhibition studies, cells were pretreated for 1 h with ER stress inhibitor, salubrinal (SB, 10 μM, Santa Cruz) or sodium 4-phenylbutyrate acid (4PBA, 10 μM, Sigma), ROS inhibitor, N-tert-butyl-α-phenylnitrone (NBP, 100 μM, Sigma), or apocynin (200 μM, Sigma), prior to Tat treatment. All experiments were conducted under serum-free conditions.
MTT Assay
HBMECs were seeded at a density of 1×10 4 cells/well in 96-well plates, and the cell viability was determined by MTT assay, which is based on the conversion of MTT into purple formazan by mitochondrial dehydrogenases. After incubation, HBMECs were treated with 5 mg/mL MTT at 37°C for 4 h. The medium was then removed, and dimethylsulfoxide was added to each well. Absorbance was determined at 570 nm on a microplate reader, and cell viabilities were calculated. Results were expressed as percentage of values, assuming that the cell viability of the control cells was 100 %. Each experiment was repeated at least three times with each treatment given in triplicate. Data were presented as an average of the results from individual experiments.
siRNA Transfection Short interfering RNA (siRNA) targeted against CHOP messenger RNA (mRNA) was obtained from Thermo Scientific Dharmacon RNAi Technologies (ONTARGETplus SMARTpool). siRNA transfection protocols were followed according to the manufacturer's instructions. Briefly, HBMECs were seeded at 50 % confluence into 24-well plates. Dharma-FECT 1 transfection reagent (Dharmacon) was combined with serum-free DMEM medium (Invitrogen Life Technologies) for 5 min at room temperature. CHOP or scrambled siRNA were then added into the respective mixtures (described above) and incubated for 20 min at room temperature, following which, the mixture was added to the cells to have the final concentration of 100 nM of the respective siRNAs. The cell culture plate was shaken gently for 5 s and incubated for 24 h at 37°C. Knockdown efficiencies of the proteins were determined by Western blotting.
Detection of ROS
The Image-iT™ LIVE Green Reactive Oxygen Species (ROS) Detection Kit obtained from Invitrogen was used to estimate ROS in live HBMEC cells. Following treatment of cells according to the experimental conditions, cells were incubated with 15 mM DCF-DA for 45 min, briefly centrifuged to remove the dye and resuspended in HEPES buffer. The change in fluorescence was measured in a spectrofluorimeter set at 485-nm excitation and 530-nm emission. Change in fluorescence intensity was represented in arbitrary units.
TUNEL Assay
Apoptosis was determined by the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay. The procedure was carried out according to the protocol provided in the TUNEL kit (Roche, Germany). Briefly, after fixation, cells were incubated in the TUNEL reaction mixture containing deoxynucleotidyl transferase (TdT) buffer with TdT and biotinylated dUTP or FITC-dUTP in a humid atmosphere at 37°C for 90 min and then washed with PBS. HBMECs were incubated at room temperature for 30 min with anti-HRP antibody and visualized with diaminobenzidine. Transfected HBMECs were observed by fluorescence microscopy. TUNEL-positive apoptotic cells were quantified by counting the positively stained cells.
Preparation of Cytosolic and Membrane Fractions
Treated cells were harvested and washed in ice-cold phosphate-buffered saline (PBS). Briefly, total cellular protein was extracted from the cells. The lysates were spun at 10,000g for 30 min to pellet the mitochondria. And, the mitochondrial and cytosolic proteins were isolated using a commercial Mitochondrial/Cytosol Fraction Kit according to the manufacturer's instructions (BioVision Inc., Mountain View, CA).
Western Blot Analysis
Western blot analysis was performed using protein extracts of HBMECs. Proteins were separated by electrophoresis and transferred to PVDF membranes. The membranes were blocked with either 5 % nonfat dry milk or 5 % BSA in Tris-buffered saline with Tween-20 (TBST) at room temperature for 1 h to block nonspecific immunoreactivity. Subsequently, the membranes were incubated with the corresponding primary antibodies overnight at 4°C. After four washes in TBST, the membranes were incubated with secondary antibodies for 1 h and detected by the enhanced chemiluminescence detection kit. In some cases, the blots were stripped and reprobed with antibodies specific for Bax, Bcl-2, cytochrome c, BiP/GRP78, p-PERK/PERK, p-IRE1/IRE1 (Santacruz Biotechnology, 1:500), p-eIF2α/eIF2α, caspases 12, and CHOP/AGDD153 (Cell Signaling, Danvers, MA). All of the westerns were repeated at least three times.
Immunocytochemical Staining
For immunocytochemistry, HBMECs were plated on cover slips for 24 h, treated with the respective agents for 12 h, and fixed with 4 % paraformaldehyde for 15 min at room temperature followed by permeabilization with 0.3 % Triton X-100 in PBS. Cells were then incubated in a blocking buffer for 1 h at room temperature followed by addition of anti-CHOP/AGDD153 (1:1000; Abcam) overnight at 4°C. This was followed by addition of the secondary Alexflour 488 goat anti-mouse IgG for 2 h to detect expression of CHOP. Cells were mounted with prolong Gold antifade reagent with DAPI (Invitrogen, Carlsbad, CA) onto slides. Slides were examined using fluorescence microscope (Carl Zeiss). To visualize the ER, cells were cultured with 250 nmol/L of ER Tracker Red CMXRos (Molecular Probes, Eugene, OR, USA) for 30 min at 37°C prior to fixation. Primary anti-caspase 12 antibody diluted at 1:500 was added to cells for 3 h at room temperature and then incubated with fluorescenceconjugated secondary antibody for 30 min. After the slides were covered with glycerol buffer, the cells were observed under fluorescence microscopy and images were taken.
Analysis of Mitochondrial Membrane Depolarization
The change in mitochondrial membrane potential in the HBMECs was monitored using the mitochondrial membrane potential detection kit (Cayman Chemical Company) according to the manufacturer's instructions. Briefly, HBMECs cultured in either 24-well plate (1×10 5 cells per well) or 96-well plate (3×10 4 cells per well) were treated with Tat followed by treatment with 1× JC-1 reagent diluted in serum-free culture medium for 20 min at 37°C in 5 % CO 2 . Thereafter, cells were rinsed once in 1× rinsing buffer provided in the kit. Fluorescence was measured using the FL600 fluorescent plate reader (Bio-Tek Instruments, Winooski, VT) at the excitation wavelengths of 485 and 535 nm. All experiments were repeated at least three times.
Statistical Analysis
All the data are expressed as the mean±SEM. Statistical significance was evaluated with Student's t test for between two groups or ANOVA followed by the Newman-Keuls' test for multiple groups. P<0.05 was considered as statistically significant difference.
Results
HIV Tat Mediated Reduction of Cell Viability and Tat Induced Apoptosis of HBMECs
Herein, we sought to examine whether HIV Tat was toxic for brain endothelial cells. For this, HBMECs were exposed to HIV Tat (0-250 ng/mL) for 36 h and cell viability assessed using MTT assay. The rationale for choosing Tat concentration to perform dose response curve in the range of 50-250 ng/ mL is in keeping with the physiological levels of Tat found in the cerebrospinal fluid and in the serum of HIV-infected patients, as reported previously [20, 21] . As shown in Fig. 1a , while exposure of HBMECs to 150 ng/mL Tat did not induce a significant decrease in cell viability compared with the control cells, exposure of cells to 200 ng/mL Tat markedly reduced cell viability (80.9 %, P<0.05).
Further validation of these findings was done using TUNEL assay. Briefly, cells were exposed to HIV Tat (200 ng/mL) for 36 h and assessed for apoptosis using TUNEL staining. As shown in Fig. 1b , c, following Tat exposure, there was an increase in apoptotic TUNELpositive (green) cells (23 %, P<0.05). For further studies, we chose Tat at a concentration of 200 ng/mL. This is also in agreement with our previous work [22] .
Tat Induced ER Stress and Activated UPR in HBMECs
It is well known that prolonged ER stress leads to induction of apoptosis. To determine whether exposure of Tat resulted in induction of ER stress in HBMECs, we investigated expression of several critical ER stress markers such as Bip/GRP78, p-IRE1, p-PERK, and ATF6. Briefly, HBMECs were exposed to HIV Tat (200 ng/mL) for 0.5, 1, 3, 6, 12, and 24 h followed by assessment of cell lysates for expression of the ER stress proteins by Western blot analysis. As shown in Fig. 2 , exposure of HBMECs to HIV Tat resulted in a significant and timedependent increase in the expression of the ER stress sensor proteins p-IRE1, p-PERK, and ATF6. Both p-PERK and ATF6 were induced as early as 0.5 h with the upregulation persisting for 24 h. The total protein levels of PERK and IRE1 did not change throughout the exposure period. HIV Tat thus induced time-dependent expression of ER stress proteins in HBMECs.
HIV Tat Induced Generation of ROS That Was Involved in ER Stress
ROS generation is central to activation of the ER stress pathway [23] . We thus sought to examine whether exposure of HBMECs to Tat could also result in induction of ROS. Following treatment of HBMECs to Tat (200 ng/mL), levels of intracellular ROS were assessed using the DCF fluorescence assay. We found that the levels of DCF fluorescence were significantly and time-dependently increased following exposure of HBMECs to Tat (Fig. 3a, b) . As expected, heated Tat failed to induce generation of ROS.
To further investigate the relationship between ROS generation and ER stress response, HBMECs were pretreated with the ROS inhibitors apocynin (a NADPH oxidase Having determined that ER stress pathway was upregulated following Tat exposure, the next step was to investigate whether the downstream pro-apoptotic pathways of the ER stress pathway were also activated following Tat exposure. It has been well documented that CHOP/GADD153 (growth arrest and DNA damage 153) belong to the family of bZip transcription factors and are induced via the ATF6 and PERK pathways [12] . Tat exposure resulted in a time-dependent expression of CHOP (Fig. 4a, d ). Validation of Tat-mediated induction of CHOP was further demonstrated by pretreating HBMECs with two different ER stress inhibitors SB or 4PBA followed by exposure of cells to Tat. As shown in Fig. 4d , cells pretreated with the ER stress inhibitors failed to demonstrate Tat-mediated induction of CHOP, thus underpinning the role of CHOP as a downstream mediator of the ER stress pathway. Validation of these findings was also carried out by immunostaining HBMECs that were exposed to Tat in the presence or absence of ER stress inhibitors, for CHOP (Fig. 4b) .
Since caspases are important effector components of the apoptotic pathway and are activated via sequential processing of the caspase family members, we next sought to determine whether caspases were also critical for Tat-mediated induction of apoptosis. Caspase 12 is specifically localized on the cytoplasmic side of the ER and is thought to play a pivotal role in ER stress-mediated cell death. HBMECs were exposed to Tat for various times followed by assessment of caspase 12 expression by Western blot analysis. As shown in Fig. 4a , Tat induced activation of caspase 12 in HBMECs, and this effect was reversed in cells pretreated with the ER stress inhibitors. Furthermore, double labeling of cleaved caspase 12 with ER tracker also confirmed localization of caspase 12 to the ER in Tat-treated HBMECs (Fig. 4c) .
ER Stress Is Involved in Tat-Induced Apoptosis
To further examine the role of ER stress in Tat-induced cellular apoptosis, HBMECs were transfected with siRNA specific for CHOP. Transfection efficiency was determined by Western blot analysis. Following transfection with 100 nM of CHOP siRNA, there was about 80 % decrease in expression of CHOP as determined by Western blot (Fig. 5a, b) . Twentyfour hours following transfection with siRNA-CHOP, cells were treated with Tat for 36 h and assessed for cell viability using MTT assay. Consistent with the results obtained with the ER stress inhibitor, cells transfected with the siRNA-CHOP and exposed to Tat demonstrated increased viability compared with cells transfected with control siRNA, thereby suggesting that Tat-mediated induction of apoptosis of HBMECs was, at least, partially dependent on ER stress.
These findings were further confirmed by TUNEL staining, and as shown in Fig. 5d , knockdown of CHOP significantly protected the cells against toxicity mediated by Tat.
Tat Triggered Mitochondrial Dysfunction in HBMECs
Mitochondrial dysfunction plays a key role in various forms of apoptotic cell death pathways that are regulated by the Bcl-2 family of proteins. Increased expression of pro-apoptotic protein Bax and a concomitant decreased expression of the anti-apoptotic protein, mitochondrial permeabilization, loss of mitochondrial membrane potential (MMP), and the subsequent release of pro-apoptotic proteins such as cytochrome c are all hallmarks of apoptosis. To next investigate the involvement of mitochondrial dysfunction in Tat-induced apoptosis of HBMECs, we sought to determine the effects of HIV Tat on the expression of Bcl2/Bax proteins, MMP (Δψm), and cytochrome c release. As expected, the ratio of Bcl2/Bax was significantly decreased in a time-dependent manner in cells exposed to Tat (Fig. 6a, b) .
We next assessed mitochondrial membrane depolarization in HBMECs exposed to HIV Tat (12 h) using the fluorescent lipophilic cationic dye JC-1 that accumulates in the mitochondria in proportion to the Δψm and that exists across the inner mitochondria membrane. As shown in Fig. 6c , treatment of HBMECs with Tat caused a significant depolarization of MMP compared with the untreated controls, and this effect was reversed in cells knocked down for CHOP.
Impairment of MMP leads to release of cytochrome c from the mitochondria to the cytoplasm, with activation of the downstream apoptotic cascades. We thus next sought to assess the effect of Tat exposure on the release of cytochrome c. As shown in Fig. 6e , exposure of HBMECs to HIV Tat resulted in increased release of cytochrome c in the cytosolic fraction, with a concomitant decrease in the mitochondrial fraction. Interestingly, knockdown of CHOP in siRNA-transfected HBMECs failed to release cytochrome c in the cytoplasm following exposure to Tat, thereby implicating Tat-induced ER stress effector as an upstream mediator of mitochondrial dysfunction.
Discussion
HAND is a common complication of HIV infection. Among the factors involved in the pathogenesis of HAND, loss of integrity of the endothelial cell layer of the BBB is one of the key mechanisms by which there occurs an increased influx of immune cells, toxins, and pathogens into the neural tissue [24] . Our findings for the first time demonstrate that HIV Tat-mediated apoptosis of brain endothelial cells involves both ER stress and mitochondrial dysfunction. Activated ER stress, as indicated by an increase in the UPR, results in impairment of BBB by promoting vascular endothelial cell apoptosis. Treatment of cultured HBMECs with either the ER stress inhibitor or silencing of CHOP using specific siRNAs abrogated HIV Tat-induced apoptosis. Furthermore, our findings also implicated the role of mitochondrial dysfunction that was downstream of ER stress pathway, as a contributor of HIV Tat-induced brain endothelial cell apoptosis.
HIV-associated protein Tat has been well recognized to trigger both the intrinsic and extrinsic apoptotic pathways, in various kinds of cells thereby contributing to disease pathogenesis in the CNS. HIV Tat has been shown to exert toxicity to the dopaminargic [25] and hippocampal neurons [26] and is also cytotoxic to the intestinal epithelial [27] and retinal epithelial cells [28] likely triggering cellular damage and death via the apoptotic pathways. Consistent with these reports, we also demonstrate that HBMECs exposed to HIV Tat exhibited significant decrease in cell viability with increased apoptosis, compared to cells not treated with Tat. In the HIV-infected brain, upregulation of ER stress sensor proteins has been documented in various cells of the CNS such as the neurons and astrocytes [29] . The present study was aimed at investigating whether the treatment of HBMECs with HIV Tat101 could induce ER stress in HBMECs, which in turn, could lead to Tat-mediated apoptosis. Immunoblotting was used to assess the expression of ER chaperon BiP/GRP78 and the ER stress sensor proteins: IRE1, PERK, and ATF6, which are the crucial ER stress signature markers. In the physiological state, when ER-resident protein folding and processing capacity balances the ER load of newly synthesized proteins, the ER chaperon GRP78 is bound to IRE1, PERK, and ATF6, thus blocking activation. Under conditions of ER stress, however, when unfolded proteins accumulate in the ER lumen, GRP78 dissociates from PERK, IRE1, and ATF6 and binds to the unfolded proteins to assist in refolding. PERK is an ER-associated transmembrane serine/threonine protein kinase. Following accumulation of unfolded or misfolded proteins in the ER lumen, PERK dimerizes and trans-autophosphorylates, leading in turn, to activation of eIF2a. Phosphorylation of eIF2a inhibits global translation initiation, while promoting activation of ATF4 [10] . Under physiological conditions, ATF6, another key ER stress sensor, remains localized at the ER membrane and bound to BiP. Following ER stress triggers, however, BiP dissociates from ATF6 leading to release of the latter into the Golgi complex, where ATF6 is subsequently cleaved by proteases. The processed form of ATF6 translocates to the nucleus and binds to its target genes [8] . The findings reported herein demonstrated that treatment of HBMECs with HIV Tat101 increased a number of signature ER stress markers GRP78/Bip, ATF6, p-PERK, and the downstream mediators, p-eIF2a and ATF4. The current study provides important evidence to support the involvement of ER stress in HIV Tat-mediated apoptosis of HBMECs. Another key ER stress sensor is IRE1. Activated IRE1 acts as an endonuclease that cleaves a sequence of 26 bases from the coding region of xbp1 mRNA. This in turn causes a frame-shift leading to the processing of the mRNA into a newly spliced protein that functions as a transcription factor for genes involved in the ER resident folding and processing reactions. Intriguingly, our findings demonstrate that HIV Tat101 also significantly induced expression of IRE1 as well as that of ATF6 and p-PERK proteins. Taken together, the findings suggest that HIV Tat101-mediated induction of UPR response involves the p-PERK, ATF6, and IRE1 signaling pathways.
It is well documented that if the UPR-mediated efforts to correct the protein-folding defect fail, apoptosis ensues [28, 30] . Several mechanisms have been proposed by which apoptotic signals are generated following ER stress [31, 32] . The most important ER stress-induced apoptotic pathway is known to be mediated through the CHOP/GADD153 signaling [33, 34] . CHOP/GADD153 is a bZiP transcription factor that is induced via the ATF6 and PERK/eIF2á UPR pathways. As expected, our findings demonstrated that HIV Tat mediated activation of PERK and the ATF6 pathways, leading subsequently to upregulation of the pro-apoptotic protein CHOP. Furthermore, we also demonstrated that blocking either the PERK pathway or CHOP expression abrogated HIV Tat101-induced apoptosis of HBMECs.
Since caspase 12, a member of the caspase family is well known to play a special role in ER-related cellular apoptosis, we next sought to examine whether it was also involved in HIV Tat-mediated apoptosis of HBMECs. Treatment of HBMECs with HIV Tat resulted in activation of caspase 12, and this effect could be reversed by the ER inhibitor, thereby lending further credence to the involvement of ER stressrelated signaling pathways in HIV Tat-induced apoptosis of brain endothelial cells. These findings are in agreement with a previous study on embryonic fibroblasts isolated from caspase 12 −/− mice that were reported to exhibit resistance against ER stress-inducing agents [34] . Furthermore, it was of interest that HIV Tat also stimulated generation of ROS in HBMECs. It has been reported that generation of ROS can lead to protein misfolding in the ER, with the accumulated misfolded proteins culminating ultimately into the ER stress response [35, 36] . Our data clearly demonstrated a link between ROS production and ER stress as evidenced by the fact that ROS inhibitor downregulated ER stress-associated protein expression. These findings are in agreement with the previous report indicating that ER is sensitive to oxidative stress [37] . It is worth mentioning that Fig. 6 Tat-mediated mitochondrial dysfunction and apoptosis in HBMECs. a Tat-mediated time-dependent dysfunction of the mitochondria in HBMECs using the JC-1 fluorescence assay. Briefly, cells were exposed to HIV Tat for varying times (6-24 h) and assessed for mitochondrial dysfunction using the mitochondrial membrane potential detection kit. *P<0.05; **P<0.01 compared with control. b HBMECs transfected with either nonsense or CHOP siRNA were exposed to Tat and assessed for mitochondrial dysfunction using the JC-1 assay. Shown here are representative results from at least three independent experiments and significant quantification. *P<0.05 compared with siRNA control; #P<0.05 compared with siRNA control + Tat. c, d Western blot analysis of cytochrome c in isolated mitochondrial and cytosolic fractions of HBMECs exposed to HIV Tat for 6 and 24 h. Data are from three independent experiments. *P<0.05 compared with control. e, f HBMECs transfected with either nonsense or CHOP siRNA were exposed to Tat and assessed for cytochrome c in isolated fractions of mitochondria and cytoplasm. Data are presented as mean±SEM of four individual experiments. *P<0.05 compared with siRNA control; # P<0.05 compared with siRNA control + Tat ROS can not only act as a trigger but is also generated as a result of ER stress [38] . Accumulating evidence suggests that protein folding and generation of ROS as a byproduct of protein oxidation in the ER are closely linked events. There may thus be a vicious cycle between ER stress and oxidative stress, leading to cellular apoptosis.
In addition to ER, mitochondria are also key cellular organelles involved in the initiation of cell death [39] . Mitochondrial apoptosis pathway is regulated by the integrity of the mitochondrial outer membrane, which in turn is tightly regulated by the ratio of the anti-versus the pro-apoptotic family of proteins. In particular, a decrease in the ratio of anti-apoptotic Bcl-2 to pro-apoptotic Bax results in the disruption of the mitochondrial membrane potential with the consequent release of cytochrome c from the mitochondria into the cytoplasm. This in turn triggers initiation and activation of the caspase cascade [40, 41] . Our findings demonstrated that exposure of HIV Tat to HBMECs induced upregulation of the pro-apoptotic protein Bax with a concomitant decrease in the expression of the anti-apoptotic protein Bcl-2, with a significant increase in Bax to Bcl-xl ratio. HIV Tat exposure of HBMECs also resulted in a loss of mitochondrial membrane potential and release of cytochrome c from the mitochondria. Notably, mitochondria and ER networks are fundamental for the maintenance of cellular homeostasis. Our findings clearly suggest the involvement of ER stress in mitochondrial dysfunction leading to HIV Tat-mediated apoptosis of HBMECs. These findings can have ramifications in HIV-infected individuals that are exposed to the viral protein Tat. Exposure of brain endothelial cells to the viral protein in the systemic compartment could lead to cellular apoptosis, thereby disrupting the barrier permeability and leading to increased inflammation within the CNS.
In summary, our findings demonstrate that exposure of HBMECs to HIV Tat induced ROS, ER stress, and mitochondrial dysfunction resulting in cell death. Moreover, our data also suggest that the use of ER stress inhibitor or antioxidants prevented cell death. Therapies aimed at abrogating ER stress markers could be considered as approaches to inhibit endothelial cell apoptosis and the ensuing neuroinflamamtion.
